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Summary
Objective: To evaluate in vivo the evolution of osteoarthritis (OA) lesions temporally in a rabbit model of OA with clinically available imaging
modalities: computed radiography (CR), helical single-slice computed tomography (CT), and 1.5 tesla (T) magnetic resonance imaging (MRI).
Methods: Imaging was performed on knees of anesthetized rabbits [10 anterior cruciate ligament transection (ACLT) and contralateral sham
joints and six control rabbits] at baseline and at intervals up to 12 weeks post-surgery. Osteophytosis, subchondral bone sclerosis, bone
marrow lesions (BMLs), femoropatellar effusion and articular cartilage were assessed.
Results: CT had the highest sensitivity (90%) and speciﬁcity (91%) to detect osteophytes. A signiﬁcant increase in total joint osteophyte score
occurred at all time-points post-operatively in the ACLT group alone. BMLs were identiﬁed and occurred most commonly in the lateral femoral
condyle of the ACLT joints and were not identiﬁed in the tibia. A signiﬁcant increase in joint effusion was present in the ACLT joints until 8
weeks after surgery. Bone sclerosis or cartilage defects were not reliably assessed with the selected imaging modalities.
Conclusion: Combined, clinically available CT and 1.5 T MRI allowed the assessment of most of the characteristic lesions of OA and at early
time-points in the development of the disease. However, the selected 1.5 T MRI sequences and acquisition times did not permit the detection
of cartilage lesions in this rabbit OA model.
ª 2008 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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evolution.Introduction
There is a tremendous need to develop potent drugs that
either arrest the progression of osteoarthritis (OA) or pre-
vent the development of the disease. Hand in hand with
the discovery of novel disease-modifying OA compounds,
there is a need for non-invasive in vivo diagnostic tools.
Radiographic ﬁndings have been the only outcome
measure in the assessment of disease modiﬁcation in
human OA studies until recently and radiography remains
the most commonly used imaging modality to evaluate joint
structure changes1e3. However, as it is a two dimensional
(2D) technique, radiography presents several limitations
including: inability to directly visualize the articular cartilage,
delay before detecting bone changes as a 30e50%4
change in bone mineral content is required, superimposition
of anatomical structures, magniﬁcation and distortion, and
ﬁnally, little information is provided on the soft tissue*Address correspondence and reprint requests to: Dr Sheila
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188structures of the joint. Computed tomography (CT) and
magnetic resonance imaging (MRI) are non-invasive imag-
ing modalities that expand the capacity to image lesions of
both soft tissues and bone. CT is particularly useful for as-
sessing bone changes in OA5 and can also provide quanti-
tative information on bone mineral density in selected
animal models of OA6e8. In the rabbit model of OA, CT re-
vealed osteochondral lesions and osteophytes9, and micro-
CT could measure volumetric bone mineral density and os-
teophyte volume10.
Improvements in MRI technology, coils and sequences
now allow macroscopic (cartilage ﬁbrillation and erosions),
microscopic and biochemical (variations in signal intensity)
assessment of cartilage11e14. MRI has also proved to
accurately evaluate human joint osseous components,
therefore, allowing a whole-organ assessment of arthritic
joints15. Subchondral bone marrow lesions (BMLs), which
may be related to pain16 and cartilage degeneration17, are in-
creasingly investigated in human clinical studies. BMLs have
also been recognized in the caninemodel of kneeOA18e21. In
the same model of OA, 1.5 tesla (T) MRI was more sensitive
than radiography in the detection of osteophytes22.
The small size of articular structures in the rabbit knee
represents a limiting factor that has justiﬁed the use of
higher magnetic ﬁelds in several studies. High-ﬁeld strength
189Osteoarthritis and Cartilage Vol. 17, No. 2MRI (4 T) was used to quantify disease progression in an ex
vivo anterior cruciate ligament (ACL) transection (ACLT)
rabbit model of OA10,23. Although this study permitted the
detection of cartilage lesions, it was conducted ex vivo. In
vivo assessment of OA changes was reported in a rabbit
OA model using 7.1 T MRI and permitted the detection of
joint effusion, signal abnormalities of the cartilage layer, me-
niscal tears, cruciate ligament lesions and osteophytes24.
Calvo et al. demonstrated using a high-ﬁeld strength MRI
(4.7 T) a progressive increase in the articular cartilage thick-
ness over time in a partial menisectomy model of OA in the
rabbit25. Also, a more recent study using a 7 T MRI permit-
ted longitudinal measurement of medial tibial cartilage thick-
ness26. However, as high-ﬁeld strength MRI scanners are
expensive to purchase and maintain, they are not readily
available or accessible for animal studies.
The purpose of this study was to describe in vivo the evo-
lution over time of knee lesions in a rabbit model of OA using
clinically available imaging modalities: computed radiogra-
phy (CR), CT and 1.5 T MRI. We hypothesized that CT and
1.5 T MRI would be complementary tools to accurately as-
sess the progression of OA lesions in rabbit knee joints.Materials and methodsEXPERIMENTAL PROTOCOLSixteen healthy, skeletally mature, male New Zealand White rabbits aged
(meanSD) 8 0.5 months and weighing 4.01 0.47 kg, were used in the
study. Surgical transection of the ACL of a randomly assigned knee joint was
performed to experimentally induce OA in 10 rabbits (ACLT group) (see sec-
tion ‘Materials and Methods e Surgical procedure’ in Supplementary material
online). The contralateral knee joint was sham-operated (sham group). The
remaining six rabbits constituted an unoperated control group.
Three imaging modalities were used: CR, helical single-slice CT and 1.5 T
MRI. Images were acquired on both knees under general anesthesia in all
experimental animals (baseline: week 2). Each joint thus also served as
its own control for the development of the OA in the ACLT knees and for
changes due to the sham surgery. Multimodality imaging was repeated at
weeks 2, 4 and 8 post-surgery for all 10 ACLT/sham rabbits, and also at
week 12 for ﬁve of the ACLT/sham rabbits. The six control rabbits were
imaged at weeks 2 and 8 to detect changes related to time (Fig. 1).
Eleven rabbits (six controls and ﬁve ACLT/sham) were euthanized at
week 8 and the ﬁve remaining ACLT/sham rabbits were euthanized at
week 12 (Fig. 1). Macroscopic and histologic evaluations were performed
on both knee joints of all rabbits. All procedures were approved by the insti-
tutional IACUC.IMAGINGComputed radiographs were made using a phosphor plate CR system
(Solo AGFA Developer, AGFA18*24 phosphor plate, Toronto, Canada).
For each rabbit, both knees were scanned simultaneously with a single-
slice helical CT scanner (Hi-Speed ZXi, General Electric Healthcare, Ontario,
Canada).
MRI was accomplished using a 1.5 T short bore superconducting magnet
(CXK4, Signa Echospeed, General Electric Healthcare, Ontario, Canada).
All parameters assessed and views/planes used to assess each parameter
are summarized in Table S1 (see section ‘Materials and Methodse ImagingeFig. 1. Timelines of the experimental protocol. Sh ¼ sham,
SX¼ surgery, imaging¼CR, CT, MRI, euth¼ euthanasia/macro-
scopic/histologic evaluation; n¼ number of rabbits.Computed Radiography, Computed Tomography, Magnetic Resonance
Imaging’ for further details in Supplementary material online).BONEOsteophytosis
The severity of osteophytosis (Fig. 2) was graded from 0 to 3 (normal to
severe) at multiple sites. Although all sites listed in Table S2 (see in Supple-
mentary material online) were evaluated, only scores from both femoral
epicondyles, the femoral trochlea and the tibial plateau were summed for
the total joint osteophyte score and statistical assessment.
Subchondral bone sclerosis
The severity of subchondral bone sclerosis was also graded on a scale
from 0 to 3 (normal to severe). Sclerosis was also assessed by measuring
the maximal depth of sclerosis in the center of both femoral condyles and tib-
ial plateaus.
BMLs
BMLs were graded semi-quantitatively (Fig. 3) using a scale based on the
extent of compartment involvement [medial femoral condyle (MFC) and lat-
eral femoral condyle (LFC), intercondylar fossa (IF), medial tibial plateau
(MTP) and lateral tibial plateau (LTP)]. This grade was adapted from a previ-
ous report in humans15 and included grade 0: no BMLs, grade 1: lesions in-
volving <25% of the volume of the compartment, grade 2: lesions involving
25e50% and grade 3: lesions involving >50%.FEMOROPATELLAR EFFUSIONFemoropatellar effusion was scored (Fig. 4) employing grades 0 (normal)
to 3 (severe). Effusion was also quantiﬁed by measuring the length of a line
drawn perpendicular to midpoint in the proximodistal length of the patella to
the underlying femoral trochlea.CARTILAGECartilage thickness
Cartilage thickness was measured in the center of the both femoral con-
dyles (LFC and MFC) and in the LTP and MTP. The location on the LFC
and MFC where cartilage thickness was measured was based on a previous
study27 and corresponded to a line tangent to the posterior border of the tibial
plateau and perpendicular to the articular cartilage surface of the femoral con-
dyle (Fig. 5). On the coronal PD/T2 fat saturation (FS) sections, the cartilage
thickness was assessed in the midpoint of the LFC, MFC, LTP and MTP.
Cartilage defects
Cartilage defects were evaluated quantitatively by measuring the thick-
ness of the remaining cartilage (RC) between the defect and the subchondral
bone, the height of the defect (DH), the maximal length of the defect (MLD) in
the coronal plane, the maximal width of the defect (MWD), and the defect
proportion of the total compartment surface (DPS): grade 0: normal¼ no de-
fect, 1: 0e25% of the surface, 2: >25e50%, 3: >50%.MORPHOLOGIC EVALUATIONThe articular cartilage of the femur and tibia was stained with India ink and
evaluated and graded blindly for gross morphologic changes in each com-
partment for this study [Table S5 (see in Supplementary material online)]
from the structural features reported by Yoshioka et al.28.HISTOLOGIC EVALUATIONAll the histological sections were evaluated using a grade adapted for this
study, from the structural features reported by Mankin29 (see section ‘Mate-
rials and Methods e Histologic evaluation and Table S6’ in Supplementary
material online). The section with more severe changes was retained for sub-
sequent analyses.
Articular cartilage thickness measurements were performed, in the LFC
and MFC from the superﬁcial zone of the cartilage to the tidemark at mid-
distance from the caudoproximal edge of the condyle to the distal edge of
the femoral trochlea. This point was determined by comparing histological
slides with sagittal spoiled gradient recalled (SPGR) MRI images.
Fig. 2. Grade 3 osteophytosis on AP (A) and mediolateral (B) CR views, coronal (C) and axial (D) CT images, coronal PD-fat saturation (E) and
sagittal SPGR (F) MRI images. White arrows illustrate osteophytes.
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ResultsIMAGINGBone
Osteophytosis. There was a fair30 interobserver agreement
(three reader combinations) for osteophyte assessment on
both the CT (k¼ 0.50, 0.52, 0.57) and MRI (k¼ 0.45,
0.51, 0.58) examinations. In contrast, there was only slight
to fair interobserver agreement for osteophyte evaluation
on the anteroposterior (AP) radiographic views (k¼ 0.20,
0.33, 0.53). All subsequent analyses of osteophytes were
made using one observer’s (KA) grade.
The sensitivity and speciﬁcity of each imaging modality
for the detection of osteophytes compared with morphologic
evaluation at the endpoint of the study, and at all anatomic
sites are provided in Table I.
A signiﬁcant increase in total joint osteophyte score oc-
curred following surgery in the ACLT group. A priori con-
trasts revealed that the score was signiﬁcantly higher at
weeks 2 (P¼ 0.04), 4 (P¼ 0.002), 8 (P¼ 0.003) and 12
(P¼ 0.03) compared to pre-surgery scores (Fig. 6). In the
control or sham groups, no differences in total joint osteo-
phyte score were detected over time. Also, no differences
were detected in total joint osteophyte score between the
right and left control joints (Fig. 6). When compartment
scores (LFC, MFC, LTP, MTP) were assessed, there was
also no signiﬁcant association between the histologic carti-
lage scores and osteophyte scores.
Subchondral bone sclerosis. There was poor interobserver
agreement when subchondral bone sclerosis was graded
subjectively on both the AP radiographic views (k¼ 0.06,
0.09, 0.23) and coronal CT sections (k¼ 0.18, 0.22, 0.22).
There was also a weak relationship between subchondral
bone thickness measurements made by different observers
on the AP radiographic views (r2¼ 0.05, P< 0.0001) and
the coronal CT sections (r2¼ 0.0001, P¼ 0.85).
BMLs. There was fair to good interobserver agreement
(k¼ 0.46, 0.62, 0.67) for the assessment of BML on MRI.
For subsequent analyses of BML evolution over time, one
observer’s assessment was used. BMLs were not detected
in the tibia in any group. Conversely, BMLs were observed
at all three sites (LFC, MFC and IF) in the femur. BMLs oc-
curred in 12 joints (at one or more imaging times) and were
observed most commonly in ACLT joints (8/12) but also oc-
curred occasionally in sham joints (1/12) and control joints(3/12). They occurred most frequently in the LFC followed
by the IF (Table II). Lesions in the IF occurred exclusively
in the ACLT group. The ﬁrst BML was observed at baseline
before surgery in one joint on the LFC in the ACLT group.
The evolution of BML over time is illustrated in Table II.
The most severe grade occurred on two occasions and in
the ACLT group alone. BMLs were most often detected at
week 4 in the ACLT group (Table II) and grade 1 occurred
most often (Table II).FEMOROPATELLAR EFFUSIONThe interobserver agreement for severity of effusion var-
ied with the imaging modality; it was good (k¼ 0.69, 0.71,
0.72) for CT, fair to good for MRI (k¼ 0.55, 0.67, 0.78)
and fair (k¼ 0.43, 0.43, 0.46) for CR. A signiﬁcant correla-
tion (r2) was found between observers in regard to synovial
effusion (CT¼ 0.89, MRI¼ 0.87; and CR¼ 0.09)
(P< 0.0001). One reader’s assessments were retained for
subsequent analyses. When severity of effusion was com-
pared between imaging modalities, there was a fair to
good agreement between CT and MRI (k¼ 0.56), CT and
CR (k¼ 0.53), and a fair agreement between MRI and CR
(k¼ 0.47). When measurements of effusion on the three
modalities were compared there was a positive and signiﬁ-
cant relationship between CT and MRI (r2¼ 0.39,
P< 0.0001), but no association between the CT or MRI
and CR measurements.
On CT, there was a signiﬁcant association between the
quantitative measurements of effusion and the subjective
grades (P< 0.0001). The measurements of effusion were
signiﬁcantly lower with grade 0 than with grade 2
(P< 0.0001) and grade 3 (P¼ 0.0003), and lower with
grade 1 than grade 2 (P¼ 0.0074). On MRI, the measure-
ment was signiﬁcantly lower with grade 0 than grade 3
(P¼ 0.0001).
The values from the MRI assessment were selected for
analysis of joint effusion with and without surgery and
changes over time. In both the control and sham groups,
no difference in joint effusion measurements was seen
over time. Similarly, no signiﬁcant differences were de-
tected in between right and left joints in the control group
(Fig. 7). A signiﬁcant increase in synovial effusion was mea-
sured following surgery in the ACLT joints. With respect to
baseline, the values were signiﬁcantly higher at week 2
(mean estimate of the difference¼ 0.59 mm, P¼ 0.01),
peaked at week 4 (mean estimate of the differen-
ce¼ 0.74 mm, P¼ 0.002) and remained elevated until
week 8 (mean estimate of the difference¼ 0.5 mm,
P¼ 0.03) (Fig. 7). At week 12 the values were no longer sig-
niﬁcantly different from those recorded at baseline.
Fig. 3. Grade 0 (A), 1 (B), 2 (C), 3 (D) of BMLs on coronal T2-fat saturation MRI images. White arrows outline BMLs.
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There was a signiﬁcant and positive relationship between
interobserver measurements of the articular cartilage thick-
ness (r2¼ 0.45, P< 0.0001). For subsequent analyses oneobserver’s assessment was used. There was no signiﬁcant
relationship between MRI and histology for cartilage thick-
ness in either femoral condyle, or for any joint group with
the exception of the MFC in the ACLT joint (r2¼ 0.45,
P¼ 0.03). Therefore, subsequent analyses for cartilage
thickness measurements on MRI were not performed.
Fig. 4. Illustration of the two extreme knee joint effusion scores (grades 0 and 3) on mediolateral CR views [grade 0 (A), grade 3 (B)], axial CT
images [grade 0 (C), grade 3(D)], and sagittal SPGR MRI images [grade 0 (E), grade 3 (F)]. White arrows indicate joint effusion. The white line
shows the distance from the midpoint in the proximodistal patellar length to the femoral trochlea, which quantitatively represents femoropa-
tellar effusion. FT¼ femoral trochlea, P¼ patella.
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There was poor agreement (k¼ 0.005, 0.08, 0.16)
between observers for the detection of cartilage defects
on MRI. The sensitivity and speciﬁcity for detection of carti-
lage lesions were calculated individually for two observers
and are presented in Table S7 (see in Supplementary
material online). Because lesions were difﬁcult to qualify
on MRI, the morphologic and histologic grades were each
collapsed to provide a dichotomic score. Grades 1e4 [Table
S5 (see in Supplementary material online)] on the morpho-
logical examination represented normal to mild disease,
which included ﬁbrillation, and grades 5e7 [Table S5 (see
in Supplementary matrial online)] represented more severe
disease (ulceration of the cartilage). On histology, gradesFig. 5. Sagittal SPGR MRI image of the knee joint, showing the site
where articular cartilage thickness was measured. The solid white
line represents the line tangent to the posterior border of the tibial
plateau; the dashed white line represents the tangent to the articu-
lar cartilage.1e5 [Table S6 (see in Supplementary matrial online)] repre-
sented normal to mild disease whereas grades 6 and 7
[Table S6 (see in Supplementary matrial online)] repre-
sented ulceration of cartilage. The MRI evaluations were
classiﬁed as presence or absence of a cartilage defect. In
light of the overall low sensitivity and speciﬁcity [Table S7
(see in Supplementary matrial online)], subsequent analy-
ses were not performed.MORPHOLOGIC EVALUATIONTotal joint morphologic score is presented in Fig. 8(A).
There were neither differences between the right and the
left control limbs, nor between the sham and the control
limbs. ACLT joint scores were signiﬁcantly higher than the
right (P¼ 0.01), and left (P¼ 0.03) control joints and also
the sham joints (P¼ 0.01) [Fig. 8(A)].HISTOLOGIC EVALUATIONThere was very good interobserver agreement for articu-
lar cartilage assessment on histologic (k¼ 0.81) examina-
tion. Consequently, for all subsequent analyses of
articular cartilage, one observer’s grade was chosen.
The ACLT limbs had a signiﬁcantly higher total joint his-
tologic score than the right (P¼ 0.002) and the left
(P¼ 0.003) control limbs and than the sham limbs
(P¼ 0.007) [Fig. 8(B)].
There were no signiﬁcant differences in the cartilage
thickness between groups for any compartment at the ter-
mination of the study (week 8 or week 12), with the excep-
tion of the LFC of the ACLT joints where measurements
were signiﬁcantly higher (mean estimates of the cartilage
thickness difference¼ 0.12 mm, P¼ 0.01) than the sham
knee joints at week 8.Table I
Sensitivities and specificities of AP CR, coronal CT and coronal
MRI to detect osteophytes identified on morphological examination.
Se¼Sensitivity, Sp¼ specificity, TrF¼ femoral trochlea, Ep.L¼ lat-
eral epicondyle, Ep.M¼medial epicondyle, NE¼ not evaluable
Site AP CR (%) Coronal CT (%) Coronal MRI (%)
Se Sp Se Sp Se Sp
TrF NE NE 100 86 90 77
Ep.L 100 54 100 79 75 87
Ep.M 50 100 100 73 90 100
LTP 10 100 50 100 10 100
MTP 50 95 100 90 60 91
Fig. 6. Total joint osteophyte scores on coronal CT examination.
Control R¼ control right, control L¼ control left, SX ¼ surgery;
n¼ number of joints, *P 0.05, **P 0.01.
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ASSESSEDThere was no signiﬁcant association between total joint
histology scores and total joint osteophyte scores, BML
scores and joint effusion measurements from joints in the
ACLT group at the end of the study (r 0.19, P> 0.5).Discussion
Multimodality imaging of experimental OA in the rabbit
using readily available systems permitted the quantitativeTable I
Evolution of BML scores over time for joints presenting a BML at least o
euthanasia. NI¼Not imaged
Rabbit identity Group Anatomic site W
2 2
35 Control L LFC 0 NI
43 Control L LFC 0 NI
45 Control L LFC 0 NI
59 Sham LFC 0 0
47 ACLT LFC 1 0
44 ACLT IF 0 1
LFC 0 1
52 ACLT IF 0 2
LFC 0 0
59 ACLT LFC 0 1
MFC 0 1
46 ACLT LFC 0 0
IF 0 0
60 ACLT MFC 0 0
LFC 0 0
63 ACLT LFC 0 0
65 ACLT IF 0 0and semi-quantitative assessment of several parameters
associated with disease-related progressive structural joint
modiﬁcation. These parameters included osteophytosis
(CR, CT, MRI), BMLs (MRI), and femoropatellar effusion
(CR, CT, MRI). Certain parameters could not be reliably as-
sessed, including articular cartilage and subchondral bone
sclerosis. In order to improve the assessment of all param-
eters characterizing OA in small joints such as rabbit knees,
it would be necessary to use MRI systems with higher ﬁeld
and gradient strengths. Indeed, their inherent higher signal-
to-noise ratio would improve the conspicuity of small struc-
tures and help to detect smaller lesions. With 1.5 T MRI,
such improvement would have required a signiﬁcant in-
crease in acquisition time. Although this may be acceptable
in ex vivo animal model experimentation of OA, it is less
practical in live animals. However, even with high-ﬁeld
MRI, longer image acquisition times have the disadvantage
of longer anesthesia of animals and associated complica-
tions. Furthermore, longer image acquisition times are usu-
ally more costly and limit the number of animals that may be
evaluated. In the case of micro-CT, repeated and prolonged
radiation exposure in live animals is a potential limitation10.
The purpose of the study herein was to use imaging modal-
ities and protocols that are clinically practical.OSTEOPHYTESOsteophytosis was seen as early as 2 weeks post-
surgery on CT in the ACLT group. Although evaluation of
osteophytosis has been reported9,10,24,31,32 in a similar
model using various imaging modalities, it has not been
identiﬁed previously at such an early time-point post-opera-
tively. This difference with our results can be explained, in
part, by the time-points selected by others. In an ex vivo
study in an ACLT rabbit model of OA, osteophytes were
identiﬁed with micro-CT in all OA joints by 4 weeks post-
surgery, which was the ﬁrst time-point of assessment10. Al-
though CT was the most sensitive and speciﬁc in our hands,
1.5 T MRI also permitted the early detection of osteophytesI
nce, with the joint respective morphologic and histologic grade at
, control L¼ control left
eek Macroscopic grade Histologic grade
4 8 12
NI 2 NI 5 2
NI 2 NI 1 2
NI 2 NI 1 1
0 1 0 2 3
1 2 NI 2 4
2 0 NI NI NI
1 1 NI 5 3
0 0 0 NI NI
3 1 1 3 5
0 0 1 3 3
0 0 0 2 4
1 0 NI 2 6
0 3 NI NI NI
1 0 NI 6 6
0 1 NI 1 2
1 0 0 4 5
2 1 0 NI NI
Fig. 7. Joint effusion score for each joint over time on CT. Control
R¼ control right, control L¼ control left, SX¼ surgery; n¼ number
of joints, *P 0.05, **P 0.01.
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4.7 T MRI was employed to visualize lesions in a menisec-
tomy rabbit model of OA in vivo and did not permit detection
of osteophytes at any time-point, although morphologic as-
sessment revealed osteophytes at 6 weeks post-surgery25.
It is also surprising that 7.1 T MRI, with imaging at baseline,
2, 4, 8 and 12 weeks after either ACLT or medial menisec-
tomy in rabbits, did not permit detection of osteophytes until
8 weeks following surgery24. These differences between
studies could be explained by several factors that are, in
an MRI protocol, key parameters for obtaining high-quality,
diagnostic images. Among these, imaging sequence greatly
impacts the capacity to assess some of the features of OA.
Our sequence protocol was selected primarily to target pa-
rameters such as joint effusion, cartilage and BML. A T1-
weighted sequence without fat saturation might have been
even more appropriate to detect osteophytes22.SUBCHONDRAL BONE SCLEROSISFig. 8. Total joint gross morphologic (A) and histologic (B) scores
following application of India ink for each group. Control L¼ control
left, control R¼ control right; n¼ number of joints, **P 0.01.Subchondral bone sclerosis is a well-recognized feature
of advanced OA in humans1 and this parameter has been
described as a measure of disease. Subchondral bone
sclerosis was not reliably assessed by the imaging modali-
ties in this model, possibly because it was not marked
enough in the early time-points that we studied.BMLsBMLs are most sensitively detected with fat-suppressed
T2-weighted fast spin echo and short-tau inversion recovery
sequences (STIR)33. In our rabbits, BMLs were detected as
early as 2 weeks post-surgery and were observed most
commonly in the ACLT group. To our knowledge, this is
the ﬁrst time that BMLs have been reported in the rabbit
ACLT model of OA. Our study is in agreement with obser-
vations from a canine ACLT model of OA where the earliest
BMLs were also observed at 2 weeks post-surgery18. The
earliest time-points of BML detection are variable in other
studies of the canine model and include; 4 weeks20,21,
and 6 weeks19 post-surgery. Several factors affectingsignal-to-noise ratio such as ﬁeld strength and imaging coils
and sequence selection could in part explain these differ-
ences in time of detection of BML. In humans, similar le-
sions have been observed in patients without knee pain34
as well as in healthy marathon runners35 and basketball
players36. Some have attributed these lesions to micro-frac-
tures of the trabeculae36e38. However, the animals in this
study were caged, and trauma-induced changes are an un-
likely explanation for the presence of bone marrow hyperin-
tensity. Also, in the study herein, an LFC BML was detected
prior to surgical induction of OA in one animal from the
ACLT group. This lesion was also detected at week 4 and
at week 8, but not at week 2. A similar ﬁnding was also ob-
served pre-operatively in a clinically healthy dog in another
OA study20, further indicating that these lesions are not nec-
essarily associated with micro-fractures.
We only observed BML in the femur and most frequently
in the LFC. In a canine ACLT model, lesions also occurred
195Osteoarthritis and Cartilage Vol. 17, No. 2in the medial aspect of the LFC21 and were observed in the
LFC in the ﬁrst 4 months post-surgery, while MFC lesions
were detected from 4 months post-surgery until the end of
the study at 13 months20. However, in the canine ACLT
model, BMLs were most commonly detected in the medial
tibia18,19,21 and the caudal part of the tibial eminence20. It
appears that BMLs occur at different locations in the bone
and regress with time in certain cases17,39. Species-related
differences are likely due to differences in joint biomechan-
ics and speciﬁc alterations of these biomechanics following
ACLT. Moreover, the low bodyweight of rabbits and the fact
that these animals are caged and not allowed to move
freely like dogs20 may partly explain the relative low inci-
dence of BML in this OA model. Nonetheless, as our study
endpoint was 12 weeks, BML may have eventually devel-
oped in the tibia if the rabbits had been imaged at a later
time-point.FEMOROPATELLAR EFFUSIONOur results are consistent with another study, in which
7.1 T MRI imaging permitted detection of severe joint effu-
sion 2 weeks after surgery and that was still prominent at
8 weeks in an in vivo ACLT rabbit model of OA24. The sig-
niﬁcant increase in effusion that occurred in the ACLT rab-
bits but not in the sham joints may be caused by a greater
degree of post-operative inﬂammation than that generated
in the sham joints due to section of the ACL.CARTILAGEMRI is the only imaging technique that allows complete
in vivo, non-invasive visualization of the articular cartilage.
The low sensitivity and speciﬁcity of 1.5 T MRI for the detec-
tion of cartilage lesions in the study herein were partly attrib-
utable to an inability to further optimize imaging parameters
without greatly increasing acquisition time. A sensitivity of
78.3% and a speciﬁcity of 95.3% for detection of clinically
signiﬁcant cartilage lesions were reported when a 4 T ﬁeld
strength MRI was employed in an ex vivo model10.
In theory, a higher ﬁeld MRI system would have permitted
the detection of cartilage lesions. However, in a previous ex
vivo study in the rabbit that used a very high magnetic ﬁeld
strength (7.1 T), articular cartilage lesions were not reliably
detected because of insufﬁcient spatial resolution and im-
age contrast obtained with the selected 2D protocol24.
Three dimensional acquisition allowed an increase in these
factors while using a similar acquisition time. Apart from se-
quence parameters, the use of a dedicated surface coil with
an extremely close anatomic contact improves the signal-
to-noise ratio, and therefore, allows optimization of spatial
and contrast resolutions thus improving diagnostic images.
Cartilage thickness is another limitation to assessment with
MRI. The thicker articular cartilage of the canine knee ex-
plains why cartilage lesions can be detected with a 1.5 T
MRI in this species40,41. Other than MRI image quality,
the low sensitivity and speciﬁcity obtained in our study could
be explained by the fact that the articular cartilage lesions
were not very severe, and consisted principally of ﬁbrillation
with few ulcerative lesions.
In summary, combined clinically available CT and 1.5 T
MRI permitted evaluation of several parameters of progres-
sive OA in rabbit knees, including: osteophytes, BMLs, and
femoropatellar effusion. These parameters could, therefore,
be temporally evaluated with clinically available imaging
modalities to measure the magnitude of disease-relatedchanges and their potential response to novel therapy in
vivo in the rabbit model of OA. Subchondral bone sclerosis
and cartilage defects were not reliably evaluated in this
animal model of OA in vivo with these clinical imaging
modalities.
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